Functionally graded materials (FGMs) were prepared by spark plasma sintering using coal fly ash and NiCr alloy powder. The coal fly ash was produced by Misumi coal thermal power station (Chugoku Electric Power Co., Inc.), and 80 mass% nickel and 20 mass% chromium (Fukuda Metal Foil & Powder Co., Ltd) were used as source materials. The sintering was done at 1000 C in a graphite die. X-ray diffraction patterns of the sintered coal fly ash materials indicated that the mullite (3Al 2 O 3 Á2SiO 2 ) and silica (SiO 2 ) phases were predominant. Direct joining of coal fly ash and NiCr causes a fracture at the interface due to a mismatch of thermal expansion. Cracks in the FGMs were observed between the two layers when the difference of linear thermal expansion coefficient () was over 4:2 Â 10 À6 K À1 , while no cracks were detected in stable FGMs when the difference was less than 4:0 Â 10 À6 K
Introduction
The management of coal fly ash produced by coal thermal power stations remains a major problem in many places of the world. However, its generation tends to increase every year. Some coal fly ash is used for practical applications; for example, it is utilized in the field of civil engineering as a substitute for cement in concrete, in porous brick, and in artificial aggregate, [1] [2] [3] [4] [5] and it is also used in fertilizer systems. [6] [7] [8] However, large amounts remain unused and require disposal. It is therefore important that more advanced and effective uses of coal fly ash are applied in various fields to realize its full value.
To expand the applications of coal fly ash, recent studies have attempted to join it with metal using the functionally graded materials (FGMs) concept. [9] [10] [11] The FGMs are characterized by variations in composition and microstructure that result in unique physical properties and differ from those of conventional composite materials. For example, if the FGM material use to fly ash transport inner tube in coal thermal power station, it is expected to reduce the fly ash contamination of eroded metal scale.
Spark plasma sintering (SPS) is a well known process for the preparation of FGMs that enables the production of highdensity sintered materials in a short sintering time. The present study investigated the linear thermal expansion coefficient () of FGMs produced by the sintering of coal fly ash using NiCr-based alloy powder mixtures, in terms of the mixing volume fraction ( fv) of the source materials with the aim of preparing stable FGMs.
Experimental

Source powders
Coal fly ash and NiCr alloy were used as the starting source powders for the preparation of the sintered materials. The coal fly ash, produced by Misumi Power Station (Chugoku Electric Power Co., Inc.), had an average particle size of 19 mm. The chemical composition of the coal fly ash is given in Table 1 . It also contained about 2% carbon from unburned coal. NiCr-based alloy (Fukuda Metal Foil & Powder Co., Ltd) was selected as the joining metal powder, and had an average particle size of 65 mm. Its chemical composition is shown in Table 2 . In preliminary studies, these two powders were weighed, mixed, and sintered with fv of the NiCr-based alloy of 0, 0.3, 0.4, 0.5, 0.6, 0.7, and 1. Then, FGMs were prepared. The powder mixtures were stacked to give a composition profile of [(coal fly ash)/(coal fly ash + 0.4 NiCr)/(coal fly ash + 0.6 NiCr)/(NiCr)].
Spark plasma sintering
Sintering was performed using SPS apparatus (SS-Alloy Co., Ltd). The mixtures were stacked layer by layer, and each layer was put in a graphite die. A mechanical pressure of 50 MPa was applied to the graphite punches. Sintering was done 1000 or 1100 C for 10 min with a pulse current. The sintered materials were then cooled to room temperature over 30 min. This process was performed in a vacuum (10 Pa). The temperature was measured using a radiation pyrometer. The sintering conditions were monitored from the displacement of the upper electrode.
Characterization
A thermogravimetrical-differential thermal analyzer (TG-DTA; RIGAKU Thermo Plus) was used, with a heating rate of 20 K/min and alumina as the standard. The density of the sintered materials was measured by the Archimedes method. Phase identification of the coal fly ash as-received and after sintering at 1000 C was performed by X-ray diffraction (XRD) using Cu-K radiation. To construct the FGMs, each constituent layer was preliminarily sintered and machining the compact into the specimens (8:0 mm Â 5:0 mm). The linear thermal expansion coefficient was measured from room temperature to 750 C by a SHIMADZU TMA-50. Metallographic examinations of the compacts were made by optical microscope. Figure 1 shows the TG-DTA curves of the as-received coal fly ash and NiCr-based alloy. In the DTA curve of the coal fly ash, three exothermic peaks were observed at 580, 700, and 950 C. The TG curve of the coal fly ash decreased and became steady at over 950 C. With the NiCr-based alloy, no peaks were observed in the measured temperature range. From these thermal properties, the optimal sintering temperature was determined to be 1000 C. 12) The XRD patterns of the coal fly ash as-received and after sintering at 1000 C are shown in Fig. 2 . The mullite (3Al 2 O 3 Á2SiO 2 ) and silica (SiO 2 ) phases were predominant in both materials, which is consistent with the composition shown in Table 1 . Unknown peaks were attributed to the formation of some compounds due to the complex composition of coal fly ash. Figure 3 shows the temperature dependence of displacement and plots of versus the fv of the coal fly ash + NiCrbased alloy mixture sintered at 1000
Results and Discussion
Characterization of coal fly ash
FGM layers
C. The displacement due to expansion increased almost linearly depending on the temperature in all layers, indicating that was almost constant over the measured temperature range. was estimated from the slope and was found to increase depending on the fv of the NiCr-based alloy, forming an S-shaped curve. Mismatch of the value of between two adjacent fv values was small at fv ¼ 0{1:0, but became large in the vicinity of fv ¼ 0:5. The difference in (Á) between fv ¼ 0:5 and fv ¼ 0:7 was 4:86 Â 10 À6 K À1 , while that between fv ¼ 0:3 and fv ¼ 0:5 was 2:77 Â 10 À6 K À1 . These results indicate that the mixing of coal fly ash with NiCr-based alloy can reduce the mismatch of between the constituent layers of FGMs. Figure 4 shows an optical micrograph of the sintered materials: (a) coal fly ash; (b) coal fly ash + 0.3 NiCr; (c) coal fly ash + 0.5 NiCr; (d) coal fly ash + 0.7 NiCr; and (e) NiCr. The presence of many small spheres in (b), (c), and (d) corresponds to the NiCr-based alloy particles in the sintered materials. The number of these paticles appeared to increase with increased fv of the NiCr-based alloy. This homogeneous distribution of the NiCr-based alloy particles was found to be effective in reducing . It was confirmed that all of the sintered materials were of high density, with no cracks or voids. Thus, these mixtures were thought to be suitable for the formation of FGM layers. 
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3.3 Joining coal fly ash with NiCr-based alloy Figure 5 shows Á plotted against sintering temperature in the sintering of various two-layer combinations. Interlayer cracks were examined by optical microscope observation of cross-sections of the sintered materials. Cracks were observed when Á between the two layers was more than 4:2 Â 10 À6 K À1 . No inter-layer cracks were detected when Á was less than 4:0 Â 10 À6 K À1 . Figure 6 shows an optical micrograph of a cross-section of the FGMs prepared using the results shown in Fig. 5 . No cracks were observed in FGMs of composition (coal fly ash)/ (coal fly ash + 0.4 NiCr)/(coal fly ash + 0.6 NiCr)/(NiCr).
Mismatch of between two adjacent layers in the FGMs appeared to be an important factor in the occurrence of interlayer cracks. A small mismatch of 4:0 Â 10 À6 K À1 was found for adjacent layers of fv ¼ 0 and 0.4, and fv ¼ 0:4 and 0.6. A mismatch of 3:4 Â 10 À6 K À1 was found between layers of fv ¼ 0:6 and 1.
From these results, it is clear that fractures and cracks in the structure of FGMs can be minimized by controlling the of coal fly ash + NiCr-based alloy layers. It must be noted that Á must be maintained at less than 4:0 Â 10 À6 K À1 . 
Conclusion
This study investigated the sintering processes and values of a coal fly ash + NiCr-based alloy mixture. The results were as follows.
(1) The coal fly ash and NiCr-based alloy mixture were sintered using SPS. The sintering temperature was 1000 C for 10 min. (2) By mixing the coal fly ash with NiCr-based alloy, the of the sintered materials could be controlled, enabling the materials to be joined to each other. (3) Fractures and cracks were observed in the FGMs at Á values between the two adjacent layers of over 4:2 Â 10 À6 K À1 . Stable FGMs were fabricated without cracks at Á less than 4:0 Â 10 À6 K À1 .
